Abstract. An shRNA tumor suppressor panel was screened using reverse infection of an A549 tumorigenic cell line and exposing it to a predetermined concentration of paclitaxel, an anticancer drug. The shRNAs targeting a positive control gene, MDR1, were found to effectively decrease mRNA levels and cause cells to become more sensitive to the chemotherapeutic drug. A set of genes were identified in the screen of a panel of tumor suppressors which, when down-regulated, were found to increase or decrease cell sensitivity in regards to treatment with paclitaxel. In many cases, there were multiple clones to a single gene that provided a positive result. The shRNAs targeting SMAD4, LZTS2, ST14 and VHL all increased the cell's sensitivity to paclitaxel. The loss of other tumor suppressors such as GLTSCR2, LATS1, NF1, PTEN, TP53 and WT1 induced a protective effect in the cell, making it more resistant to the effect of the drug. Further investigation of VHL mRNA levels after down-regulation with shRNA show a direct correlation between gene expression levels and paclitaxel sensitivity. This study credits the identified genes with the potential to act as prognostic biomarkers for use in genetic profiling, or even as targets in pathways of tumorigenesis yet to be fully understood.
Introduction
Lung cancer is a leading cause of death in the United States, with an estimated number of over 172,000 new cases and 163,000 deaths in 2005. Lung cancer accounts for almost 30% of all cancer related deaths in the United States (1). The incidence of lung cancer has declined in recent years, largely due to a decrease in smoking rates. Yet lung cancer is a serious disease, with a low 5-year survival rate and very few patients receiving effective chemotherapy (reviewed in 2).
Paclitaxel, produced by Bristol-Meyers Oncology, is an antimicrotubule agent that works by stabilizing tubulin polymer formation and shifting the equilibrium in cancer cells towards microtubule assembly. The normal function of the microtubule network is thus disrupted, resulting in abnormal mitotic processes. Early treatment regimens examining the effectiveness of paclitaxel in non-small cell lung cancer (NSCLC) showed response rates of 21 to 24% (3, 4) and an improved one-year survival rate, approaching 40% of patients treated. Due to the initial success of this chemotherapy, several combination trials have been executed, or are in the process, in the hope of finding paclitaxel combinations with increased efficacy, including paclitaxel combined with cisplatin (5), paclitaxel with carboplatin (reviewed in 6) and paclitaxel with radiation therapy (7) .
One way to improve the response rates to chemotherapies such as paclitaxel, other than by a combination with multiple therapies, is to predict the chemosensitivity of individual patients to therapy. This requires, in part, an understanding of the individual genes involved in therapy response. It also requires an effective and integrated use of a variety of genomic-based tools. Over the past few years, significant use has been made of genome-wide expression profile analyses and the correlation of microarray data with clinical response to therapies. This has been most evident and successful in the field of breast cancer research (8, 9) .
The use of RNA interference technology (RNAi) now allows for genome-wide screening of molecular alterations in a variety of cell lines. The broad use of siRNAs has shown the advantages of knocking down individual transcripts in easily transfected and readily assayed cell lines (10) . The use of shRNA libraries for genetic screens has demonstrated an advantage of shRNA over siRNA in that difficult-to-transfect cells can be utilized (often allowing for a more realistic phenotype in a more relevant cell type) and longer-term assays can be performed (due to the stable knockdown potential of shRNA). While others have elucidated potential factors in attenuation of sensitivity of cells to therapy through the use of siRNA screens (11) we have utilized a lentiviral-based shRNA library screen to identify sensitizing factors in the use of paclitaxel in NSCLC.
cell culture flasks, at 37˚C and 5% CO 2 . At ~80% confluence, the cells were trypsinized and reseeded into 96-well plates for transduction.
Plasmid Midiprep. Isolation of the plasmid DNA from MDR1 constructs was performed using GenElute HP Plasmid Midiprep kit (Sigma-Aldrich) following the standard protocol as found in the enclosed technical bulletin. The shRNA DNA plasmids used are: TRCN0000059683 (MDR1-1), TRCN-0000059684 (MDR1-2), TRCN0000059685 (MDR1-3), TRCN0000059686 (MDR1-4) and TRCN0000059687 (MDR1-5) (Sigma-Aldrich). DNA was normalized to 20 μg/ml in a 1:10 dilution of DNA and TE, and analyzed using SoftMaxPro computer software. For the screen, DNA was prepared in 96-well format (Invitrogen, Carlsbad, CA).
Virus production. Transfections were performed in a sub-strain of HEK293T cells (ATCC, Manassas, VA) and virus particles were harvested for 40 and 48 h post-transfection, yielding 200 μl per sample. A lipid-based transfection reagent was used for lentiviral production with packaging construct (pDelta 8.9), envelope construct (pCMV-VSV-G) and five independent shRNA constructs in serum free DME media for all transfections, according to the manufacturer's instructions. The viral titer was determined by p24 ELISA assay (Zeptometrix, Buffalo, NY) according to the manufacturer's instructions.
Transduction of MDR1.
The human lung adenocarcinoma cell line, A549, was infected at a MOI of ~10. There were 40,000 cells per well seeded in a 24-well plate. Cells were allowed 24 h to attach and were infected by the addition of virus, plus hexadimethrine bromide (Sigma-Aldrich) at a final concentration of 8 μg/ml. Empty vector virus (pLKO.1, catalog number SHC001V, Sigma-Aldrich) acted as a positive control for puromycin selection as well as a negative control for MDR1 knockdown. Four replicates of each construct were infected and duplicates were made of the control and blank wells. Cells were selected with 2 μg/ml puromycin for 48 h post-infection. Morphological changes were observed and photographed with an inverted phase contrast microscope after each succeeding event.
Quantitative real-time PCR. Transduced cells were harvested after five days of selection with puromycin and RNA was isolated using GenElute Mammalian Total RNA Kit (SigmaAldrich). TaqMan Gene Expression Assay primer and probe sets were used for target amplification and detection (Applied Biosystems, Foster City, CA). MDR1 primers were 5'-labeled with FAM reporter dye and 3'-labeled with fluorescent quencher. QRT-PCR was preformed using a master mix kit prepared with Sigma Quantitative RT-PCR ReadyMix (QR200) supplemented with MgCl 2 and water. Reference dye was also included as an internal control for fluorescence. Reactions of 20 μl total volume were set up, using 4 μl of RNA. All reactions were run and analyzed with the MX3000 qPCR system and software (Stratagene, La Jolla, CA). Cycling parameters were as follows: 15 min at 42˚C, 3 min at 94˚C and 45 cycles of 15 sec at 94˚C and 1 min at 60˚C. Expression of MDR1 from the stably infected cell lines was compared against GAPDH mRNA for quantification. Assays were performed in triplicate and values are expressed with pLKO.1 expression normalized to 100%.
Cytotoxicity assays. In vitro cytotoxicity assays were performed using the Quick Cell Proliferation Assay Kit (BioVision, Mountain View, CA). A549 cells were plated overnight in 96-well plates at a density of 40,000 cells/cm 2 . Increasing concentrations of paclitaxel (Sigma-Aldrich) in Ham's F12 media replaced the normal media. After 24 h of culture with the chemotherapeutic drug, 10 μl of WST-1 was added to each well and the plates were incubated for an additional 4 h. The formazan dye produced by live cells was then read by a spectrophotometer for absorbance at 450 nm. Absorbance measurements were normalized by subtracting the value of blank wells from the wells with cultured cells.
Reverse infection screen.
Reverse infection was performed by pre-plating 5 μl of virus from a tumor suppressor panel and adding A549 cells at a seeding density of 16,000 cells/ well in 96-well plates. Triplicates of pLKO.1 virus were included as a negative control and MDR1-2 (TRCN0000059684) virus as a positive control. Final concentration of polybrene at 8 μg/ml was added and 3 μg/ml of puromycin was used to select at 48 h post-infection.
QuantiGene measurement of mRNA. Five separate A549 cell lines were established, each containing an shRNA targeting VHL and a negative control, pLKO.1. Lysate was harvested and gene expression measured according to the manufacturer's instructions for QuantiGene Reagent System (Panomics, Fremont, CA).
Results
Prior to screening a panel of shRNAs, a positive control was investigated to establish that A549 cells could have their level of paclitaxel sensitivity altered by genetic modification. DNA plasmids to five shRNAs targeting the drug pump MDR1 were prepared which had been cloned into the pLKO.1 vector and therefore suitable for lentivirus production. All five shRNAs target the coding region of the gene and were designed by a publicly available algorithm provided by the RNAi Consortium (Table I) . MDR1 was chosen as a positive control due to its well-documented physiological role as a drug pump (12) .
Lentiviral particles with the vsv-g coat protein were produced for each shRNA targeting MDR1 and titering units were measured by a p24 assay. A549 cells were seeded into a 24-well plate and infected with the virus at MOI of ~10. After incubation with the virus for 24 h, fresh media containing puromycin for selection was applied to the cells. Six stable cell lines were then established -one for each shRNA MDR1 clone infection and one for the empty virus negative control infection, pLKO.1.
RNA was isolated from each of the established cell lines and the level of MDR1 was then measured by quantitative RT-PCR. Target gene levels were then normalized to the housekeeping gene GAPDH in order to allow for comparison between cell lines (Fig. 1) . Three of the five shRNAs resulted in MDR1 transcript knockdowns of >90% (TRCN0000059684, TRCN0000059685 and TRCN0000059686) with one of those three resulting in gene knockdown below the level of detection (TRCN0000059684). One shRNA gave a partial knockdown of ~75% (TRCN0000059683) while the last one resulted in only a 50% decrease in endogenous mRNA (TRCN0000059687). This varying level of efficacy by multiple shRNAs derived from a common algorithm is typical and demonstrates the importance of validating individual lentiviral constructs.
In order to determine if a variation in MDR1 levels would have an effect on A549 cell sensitivity to paclitaxel, each cell line was treated with multiple concentrations of paclitaxel ranging from 1 to 10 μM. After 24 h in culture in the presence of the chemotherapeutic agent, cell survival was measured (Fig. 2) . While the parental A549 cell line displayed the most resistance to paclitaxel, the cell line with the greatest knockdown of MDR1, A549/sh59684, displayed the greatest sensitivity to the drug at 5 μM. Another MDR1 shRNA infected cell line, A549/sh59686, with over 95% target transcript knockdown, also showed significant increased sensitivity to paclitaxel compared to its parental cell line.
With a clear correlation established between gene knockdown by shRNA and cell sensitivity to paclitaxel, a panel of shRNAs were next screened in order to identify paclitaxel sensitizing and desensitizing genes. Lentiviral particles from a tumor suppressor panel were utilized via 'reverse infection' of A549 cells. The panel consisted of shRNAs targetting 74 different genes, all identified as tumor suppressors. Five microliters of each tumor suppressor lentiviral clone, each encoding a unique shRNA, were aliquoted into 96-well tissue culture plates. The A549 cells were then added to the wells at a seeding density of 16,000 cells per well and allowed 24 h for infection. Following selection with puromycin, cells were split 1:2, allowed another 2 days to reach 80% confluence and either treated with 5 μM paclitaxel or mock-treated. Cells, both treated and untreated, were then measured for survival and a comparison was made for each shRNA transduced (Fig. 3) . The ratio for cell survival was calculated between negative-control (Sigma, catalog #SHC001V) infected cells that were either paclitaxel treated or mock-treated. This ratio was then set to equal 1 and utilized to normalize the ratio of survival for cells within each shRNA infection.
Several shRNAs that led to a knockdown of tumor suppressor genes resulted in decreased sensitivity to paclitaxel. Six instances were found where multiple clones to the same gene resulted in the most significant increase in resistance to the drug when knocked out. There were three shRNA clones targeting PTEN and two shRNA clones each targeting TP53, Table I . shRNA sequences targeting MDR1 (NM_000927). CCGGCCGAACACATTGGAAGGAAATCTCGAGATTTCCTTCCAATGTGTTCGGTTTTTG  TRCN0000059683  CCGAACACATTGGAAGGAAAT   CCGGGCAGCAATTAGAACTGTGATTCTCGAGAATCACAGTTCTAATTGCTGCTTTTTG  TRCN0000059684  GCAGCAATTAGAACTGTGATT   CCGGCGACAGAATAGTAACTTGTTTCTCGAGAAACAAGTTACTATTCTGTCGTTTTTGC  TRCN0000059685  CGACAGAATAGTAACTTGTTT   CCGGGCTCATCGTTTGTCTACAGTTCTCGAGAACTGTAGACAAACGATGAGCTTTTTGC  TRCN0000059686  GCTCATCGTTTGTCTACAGTT   CCGGGCTGCTTTCCTGCTGATCTATCTCGAGATAGATCAGCAGGAAAGCAGCTTTTTGC  TRCN0000059687  GCTGCTTTCCTGCTGATCTAT  - -------------------------------------------------------------------------------------------------------------------------------------- Algorithm design rules can be found at www.broad.mit.edu/genome_bio/trc/rules.html.
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and WT1, all resulting in an increased resistance ratio (cell survival with shRNA alone to cell survival with shRNA plus paclitaxel) between 2.3-fold and 8.6-fold (Fig. 4a) . These results are in line with previously published results showing a link between the loss of a tumor suppressor gene and an increased resistance to chemotherapy (13) .
In examining which shRNAs, when infected into A549 cells, result in the most paclitaxel sensitization, four genes were identified that were targeted by 15 clones (Fig. 4b) . Three shRNAs targeting VHL resulted in an increased sensitivity ratio (cell survival with shRNA alone to cell survival with shRNA plus paclitaxel). Similarly, 5 clones of SMAD4, 4 clones of ST14 and 3 clones of LZTS2 all resulted in increased sensitivity by at least 80%. While it may seem counterintuitive to link decreased levels of tumor suppressor genes to increased levels of sensitivity, these results are reflected in the literature, as in the case with cisplatin and Brca1 (14, 15) .
Next, one of the target genes, VHL (von Hippel-Lindau), was chosen to further validate its role in drug sensitivity. Four separate stable cell lines were established from parental A549 cells, each containing a different shRNA clone targeting VHL (TRCN0000039623, TRCN0000039624, TRCN0000039625, and TRCN0000039626). A control line was also established with the stable infection of the empty control plasmid (pLKO.1). The levels of VHL expression remaining in the cells were measured using the QuantiGene reagent system. When the results were compared to the data obtained from the screen, there was a strong correlation between levels of gene expressed and degrees of sensitivity to paclitaxel (Fig. 5) . The three shRNA clones targetting VHL that resulted in a stable knockdown of ~75 to 85% of the endogenous levels also resulted in increased paclitaxel sensitivity. The single clone that decreased the endogenous VHL level by only 60% failed to sensitize cells to paclitaxel.
Discussion
Every tumor is genetically heterogeneous; their molecular makeup helps determine if a patient will respond positively to chemotherapeutic treatments. The factors that make a specific tumor more or less sensitive to an anticancer drug, in this case paclitaxel, are largely unknown. Consequently, it is of crucial importance to find a way to identify genes that would aid in deciding in advance which patients should be candidates for treatment and which ones should not.
The use of RNAi in performing large scale, and even genome-wide, screens has become fairly well established. There are, however, few examples of RNAi screens using human cells and even fewer examples that utilize shRNA. We have shown that shRNA can be used in a screen that seeks to identify factors influencing drug sensitivity in human cell lines.
In establishing a proof-of-concept for this screen we chose to knockdown MDR1, a gene that has a well-documented role in drug sensitivity (reviewed in 16). The protein it encodes for, P-glycoprotein (P-gp,) has an unusually long half-life, thus the utilization of shRNAs to convey stable and long-term knockdown was essential to the success of the screen. MDR1 has been shown to play a role in response to a wide variety of chemotherapies, including paclitaxel sensitivity in clinical studies of patients with NSCLC (17) as well as in NSCLC cell lines (18) . We demonstrate here that in A549 cell lines the level of MDR1 is directly related to the level of response those cells have to paclitaxel at a fixed concentration. While previous reports have noted the correlation between drug sensitivity and MDR1, we chose to directly target the expression of the gene at the transcript level. This has been accomplished in other cell lines using siRNA (19) and antisense oligonucleotides (20) , yet this is the first example to our knowledge of using shRNA to increase drug sensitivity through MDR1 modulation in a lung cancer cell line.
By screening a panel of tumor suppressor shRNAs, we found that the down-regulation of a number of genes significantly increases the level of resistance A549 cells have towards paclitaxel. This is not a surprising result, as the loss of tumor suppressor genes have been documented to play a role in drug sensitivity. We found, for example, that the knockdown of PTEN caused cells to have an increased resistance to paclitaxel by two-to four-fold. The actual role of PTEN in sensitivity to antineoplastic agents has been investigated in depth with initial studies showing that paclitaxel causes an up-regulation of the protein (21) . More recent studies have shown that by decreasing levels of PTEN through modulation of NFκB, cells can be made to be more resistant to paclitaxel (22) and PTEN negative cell lines have been shown to be more resistant to paclitaxel than PTEN positive cell lines (13) .
Perhaps the more exciting results were those showing that a decrease in levels of certain tumor suppressors may result in an increased sensitivity to a chemotherapeutic agent. While this study is the first, to our knowledge, showing that lung cancer cells can be sensitized to paclitaxel through the loss of tumor suppressors, it is not the first to suggest that decreased levels of tumor suppressors result in increased drug sensitivity. It has been shown in MCF-7 (breast cancer) and SKOV3 (ovarian cancer) cells that inhibition of BRCA1, a known tumor suppressor, leads to increased sensitivity to cisplatin (14) . Numerous clinical retrospective studies have confirmed this correlation between BRCA1 and drug sensitivity, including one that evaluated the response of lung cell carcinoma patients given dual gemcitabine/cisplatin chemotherapy (15) .
Our screen revealed that by decreasing VHL levels through shRNA, A549 cells displayed an increased sensitivity to paclitaxel. We further examined the actual level of knockdown seen after infection with each of the VHL shRNAs. Those clones that yielded the greatest knockdown of VHL also led to the most increased sensitivity to the drug. In addition, a threshold effect can be seen in that the clone resulting in ~40% remaining endogenous protein level failed to confer increased sensitivity, while those clones causing endogenous levels to fall to at least 25% caused substantial sensitivity. VHL deficiency has been noted to improve renal cell carcinoma patient response to anti-VEGF therapy (23) and VHL has been seen to be a general prognostic marker for patients with RCC (24) . No previous work has noted a correlation between VHL in NSCLC and chemotherapy response.
The results of this screen offer considerable prospects for the future development of biomarkers or therapeutic targets. Each of the tumor suppressors found to correlate with a differential response to paclitaxel is a potential biomarker for a response to this drug. Retrospective analysis of patients treated with paclitaxel should be performed in order to assess the correlation between the expression of these genes and clinical outcome. In addition, in vivo validation of these genes will give additional biological support to the role that they may play in paclitaxel sensitivity. Lentiviral delivery of shRNA, as used in this screen, makes future in vivo validation steps in the form of xenograft experiments straightforward and practical.
